details of replenishment of release sites during trains are poorly understood, and it is unclear whether replenishment contributes sufficiently to the variance to preclude the use of variance-mean analysis to discriminate between changes in N and p.
Here, we characterize replenishment during stimulus trains and find that variance-mean analysis can be used to distinguish between changes in N and p at the CF synapse (see Supplemental Data at http://www.neuron. org/cgi/content/full/43/1/119/DC1). We therefore used variance-mean analysis to examine the mechanisms underlying depression at the CF synapse in the presence of a low-affinity AMPAR antagonist. We found that for these conditions, the variance-mean curve for stimulation at different frequencies differed markedly from the variance-mean curve corresponding to a change in the probability of release. We considered several possible explanations for these variance-mean curves and conclude that while receptor saturation distorts the variance-mean relationship in control conditions, relieving this saturation allows us to determine the mechanism of depression. Our data indicate that depletion of readily releasable vesicles is the primary mechanism underlying depression at the CF synapse, thus establishing that depletion can make a prominent contribution to transmission at central synapses.
Results
We used the variance-mean technique to determine the mechanism of depression at the CF synapse. This is a well-established method that has been used to study a variety of synapses (Silver, 2003) . According to the binomial model, the simple case where the variability in EPSC size arises from N sites with a probability p and a quantal size q, the variance in the size of the synaptic current ( 2 B ) is given by 2 B ϭ Nq 2 p(1 Ϫ p).
We used this relationship to determine the mechanism underlying synaptic depression. The strategy is to stimulate a synapse at a constant frequency, and when the EPSC amplitude has reached steady state, the mean Figure 1A, 
2
B is proportional to the square a representative experiment ( Figure 1C, top) . According of the synaptic current. Finally, for changes in N, to the binomial distribution, the variance-mean relationship under these experimental conditions should be ap- We then used variance-mean analysis to examine the One potential complication in predicting that deplemechanism of depression during high-frequency trains tion should lead to a linear variance-mean relationship when Ca e was held constant at 4 mM. During stimulation is that sites are likely replenished stochastically in the at these increased frequencies, the EPSC amplitude interval between stimuli. This can lead to additional varicontinued to decrease gradually for tens of seconds, as ability in the EPSC amplitude that in some cases makes shown for a representative experiment in which the CF it difficult to distinguish between N and p (Zucker, 1989).
was stimulated at 2 Hz ( Figure 1B , right). To insure that However, we have found that the properties of recovery this slow change in EPSC amplitude did not contribute to from depression at the climbing fiber synapse diminish our estimate of the variance, we stimulated the climbing the contribution of replenishment to the variability of the fiber until the EPSC amplitude reached a steady state synaptic current (see Figure 8 and Supplemental Data (200-250 pulses). We then analyzed the final 20 to 50 at http://www.neuron.org/cgi/content/full/43/1/119/DC1).
EPSCs in the train, when the EPSC amplitude had stabiThese findings suggest that at the CF synapse, the varilized. Slow trends in the EPSC amplitude were very ance-mean relationship for changes in N will differ from minor compared to the stochastic variability of the EPSC the parabolic relationship observed when p varies (Fig- amplitude at this time, as can more clearly seen on an ure 1A): the variance-mean relationship for changes in expanded scale ( Figure 1B , right, inset). N approaches the straight line of Figure 1A (although We determined the distribution of EPSC amplitudes there are expected to be minor deviations from this that resulted from varying the stimulus frequency in constraight line). We also considered other ways in which stant Ca e ( Figure 1C , bottom) in the same cell that we DGG could influence the variance-mean curves, but obtained these distributions by varying Ca e at constant concluded that alterations in p should produce a varistimulus frequency ( Figure 1C, top) . Intermediate stimuance-mean curve that is similar to that observed when lus frequencies broadened the distribution of EPSC amexternal calcium levels (Ca e ) are altered (see Discussion).
plitudes, while further increases in the stimulus freTherefore, we conclude that variance-mean analysis quency eventually tightened the distribution of EPSC allows us to determine the contribution of N, p, and q amplitudes. Plotting the variance as a function of the to frequency-dependent depression at the CF synapse mean EPSC amplitude reveals that the relationships beprovided receptor saturation is relieved.
tween the variance and the EPSC amplitude for either alterations in Ca e or in stimulus frequency show similar Variance-Mean Relationship in Control Conditions trends ( Figure 1D ). We began our investigation of the mechanism of depresWe determined the average variance and mean for sion by obtaining variance-mean relationships under many cells, which allowed us to investigate the relationcontrol conditions, when AMPAR receptor saturation ship more carefully ( Figure 1E ). We pooled results from was still present. We compared the variance-mean relamany experiments and accounted for differences in fiber tionships obtained when we changed the EPSC amplisizes by dividing EPSC amplitudes and variances by tude either by changing Ca e to regulate the probability the EPSC amplitude measured at 0. Figure 1B (left) , where the bar obtained by altering the stimulus frequency falls below below the points indicates the 15 points selected for that obtained by changing Ca e at higher EPSC amplitudes. This difference raised the possibility that depresanalysis. In all experiments in the paper, the variance in sion at elevated frequencies does not result solely from a decrease in p.
Perhaps multivesicular release and receptor saturation complicate the interpretation of the variance-mean relationship observed in control conditions and mask a decrease in q or N. AMPAR saturation could influence both the variance and the amplitude of the EPSC and thereby distort the shape of the variance-mean curve in control conditions. As a result, it is not clear whether N determined from fits as in Figure 1C provides a measure of the number of release sites (N R ) or a measure of the total number of release-ready vesicles (N T ), which is the product of the number of vesicles per release site (N V ) and N R . Similarly, it is not known if estimates of p obtained in control conditions correspond to the probability that a release-ready vesicle will fuse (p V ) or the probability that at least one vesicle will fuse at a release site (p R ). Therefore, in subsequent sections we will reexamine the variance-mean relationship under conditions where receptor saturation has been relieved.
Contributions of Quantal Size to Depression and Variability in the Amplitude of CF Responses
We next examined whether a decrease in quantal size contributes to depression. Several previous studies have demonstrated that paired-pulse depression at the CF synapse is unaffected by drugs that relieve desensitization (Dittman and Regehr, 1998; Dzubay and Jahr, 1999; Hashimoto and Kano, 1998), suggesting that desensitization does not play a role in depression at this synapse. Furthermore, because our fastest stimulus fre- least 20 consecutive traces in control conditions and in the presence of DGG once the EPSC amplitude had reached a constant value. In a representative experiment, 2 mM and 10 mM DGG decreased the average peak EPSC amplitude by 42% and 87%, respectively (Figure 4Aa ). The effect of DGG on the variability of the EPSCs can be seen in Figure 4Ab , in which the EPSC peaks have been magnified and scaled to the same average value for comparison. We used the coefficient of variation (CV ϭ /I ) as a measure of the variability in the EPSC size because it is not influenced by differences in the quantal size. In 2 mM DGG, the CV increased to 2.5 times that of control, while in 10 mM DGG, the CV increased to 6.0 times that of control. This effect can also be seen in the distributions of EPSC sizes for each condition (Figure 4Ac ). We were concerned that series resistance errors could cause an underestimate of the CV of the EPSC large and that a decrease in the series resistance error causes the apparent increase in the CV when NBQX is added. To test this, we applied 250 nM NBQX in 0.4 mM We found that the Ca e and frequency dependence of Ca e . Under these conditions, the initial EPSC amplitude the EPSC amplitude were strongly influenced by AMPAR is much smaller and thus series resistance errors should saturation (Figure 3) . In representative experiments, be minimized. We found that under these conditions, decreasing Ca e from 4 mM to 1 mM in the presence of 250 nM NBQX reduced the EPSC amplitude by 90% Ϯ NBQX (150 nM) or DGG (10 mM) decreased the EPSC 1% and had only a minor effect on the CV (1.1 Ϯ 0.1-fold amplitude by 41% and 79%, respectively ( Figure 3A) . increase, n ϭ 4). This result confirms that the increase The relationship between the EPSC amplitude and Ca e in the CV observed when NBQX is added in control is shown in Figure 3B . As Ca e increases, the EPSC ampliconditions is the result of series resistance errors. This tude increases and eventually saturates, with this satumeans that series resistance errors can influence the ration occurring at a much lower Ca e in control condiapparent variability of the EPSC in 4 mM Ca e but that tions than when AMPAR saturation was relieved.
by including low concentrations of NBQX, such errors AMPAR saturation also influences the frequency decan be avoided. As a result, we used 150 nM NBQX pendence of the EPSC amplitude. In representative exin experiments designed to assess the variance-mean periments, EPSCs were evoked at 2 Hz. When the EPSC relationship in control conditions. amplitude reached a steady-state level of depression, As additional controls for the effects of DGG on the it had decreased by 63% in control conditions and 90% CV in 4 mM Ca e , we tested the effects of 2 mM DGG on in the presence of 10 mM DGG ( Figure 3C ). Depression the CV in 0.4 mM Ca e . Because the probability of release was more prominent when AMPAR saturation was reis low under these conditions, we expect that multivesiclieved by DGG for all frequencies tested ( Figure 3D ). The ular release is not prominent and that DGG should not effects of AMPAR saturation on the Ca e and frequency greatly change the CV. Indeed, we find that 2 mM DGG dependence of EPSC amplitude highlight the impordecreased the peak EPSC amplitude by 87% Ϯ 1% in tance of AMPAR saturation at the CF synapse. 0.4 Ca e but the CV increases by only 1.2 Ϯ 0.1-fold We next determined how AMPAR saturation influenced (n ϭ 5). This suggests that when p is low, the effect of the variance of the CF EPSC. A climbing fiber was stimu-DGG on the CV is not that large and therefore the large lated at 0.1 Hz in 4 mM Ca e , and DGG was applied to increases in the CV observed in higher Ca e do not reflect relieve receptor saturation. The variance and mean of increased channel noise. Taken together, the effects of NBQX and DGG on the the peak EPSC amplitude were then calculated from at Figure 5A , right). Increasing conincrease is much smaller than the 6 Ϯ 0.6-fold (n ϭ 7) centrations of DGG progressively changed the varianceincrease observed when 10 mM DGG is applied, even mean relationship (Figures 5B-5D ). In 2 mM DGG, there though the mean EPSC amplitude is reduced by similar is a less pronounced decrease in variance with increasamounts in both conditions. Plotting the CV normalized ing EPSC size ( Figure 5B ), and this is more apparent in to its value in 4 Ca e as a function of the mean EPSC 5 mM DGG ( Figure 5C ). Finally, in 10 mM DGG, the size normalized to its value in 4 Ca e reveals that DGG variance continues to increase as the EPSC amplitude increases the CV in a dose-dependent manner (Figure increases, and the variance-mean relationship is almost 4C). The coefficient of variation was largest in 10 mM linear ( Figure 5D ). These results indicate that AMPAR DGG, which was the highest concentration of DGG that saturation had a large effect on the variance-mean relawas practical.
tionship determined for trains at a range of stimulus frequencies. In contrast to control conditions, we see here that when receptor saturation is relieved with DGG, Relieving Postsynaptic Receptor Saturation there is an approximately linear relationship between Changes the Variance-Mean Relationship the variance and the EPSC amplitude.
Obtained during Trains
We also compared the variance-mean relationship Because AMPAR saturation can have pronounced efwhen we obtained both the control and DGG curves in fects on the variance-mean relationship, we reexamined the same cell. This simplifies the interpretation of these the variance in the presence of increasing concentraexperiments by eliminating complications associated tions of DGG to progressively relieve AMPAR saturation.
with differences between the number of release sites These experiments are similar to those described in and the probability of release, etc., of different climbing Figure 1 , with the exception that these are performed fiber responses. In these experiments, we first deterin the presence of DGG to relieve saturation. The effects mined the variance-mean relationship in 10 mM DGG, of DGG and NBQX on the initial slope, EPSC amplitude, then washed out the DGG and added 150 nM NBQX and variance were consistent with the decreases in to determine the variance-mean relationship in control conditions. A representative experiment shows that in quantal size that are expected in the presence of these . A second possibility is that eleincreases, the variance also increases ( Figure 6B, left) . However, in the presence of DGG, the variance devated stimulus frequencies decreased the probability of release but that the initial probability of release is creases as the frequency increases ( Figure 6B, right) . Thus, these large differences in variance-mean curves sufficiently low that the parabola predicted by Equation 2 can be approximated by a straight line. To distinguish are seen with and without receptor saturation in the same cell. The results for five such cells are summarized in Figure 6C . between these possibilities, we examined the varianceis linear ( Figure 7A, open circles) . When the noise arising from quantal variability is eliminated, the variance is also mean relationship obtained by altering Ca e with receptor saturation relieved with 10 mM DGG. These studies also approximated by a line ( Figure 7B, open circles) . The variance-mean relationship observed when the stimulus allowed us to directly compare the variance-mean relationship when frequency is altered with that obtained frequency is changed does not conform to altered p (Equation 2) but instead conforms to the predicted linear when p is altered.
As shown for a representative experiment, the varirelationship that arises when N is varied (Equation 4). This is true both for individual experiments (as in Figures ance-mean relationship obtained by altering Ca e is parabolic when receptor saturation was relieved, and the 7A and 7B) and for the summary of many experiments ( Figures 7C and 7D) . We tested whether the difference variance was well approximated by Equation 2 ( Figure  7A, closed circles) . As predicted by the binomial distribetween the variance-mean relationship obtained by varying Ca e and that obtained by changing the stimulus bution, the variance approaches 0 when p V is either near 0 or near 1 and is maximal for p V ϭ 0.5 ( Figure 7A ). This frequency was significant. In a manner similar to Glantz (1997), we compared the residual variances of separate suggests that when postsynaptic receptor saturation is eliminated, it is possible to fit the data and determine the parabolic fits to the two groups of data with those from a single parabolic fit to the pooled data and found the probability of release of a vesicle (p V ), the total number of release-ready vesicles in the entire climbing fiber (N T ), differences to be highly significant [F(2,137) ϭ 389, p Ͻ 0.001, Figure 7C ; F(2,12) ϭ 65, p Ͻ 0.001, Figure 7D ]. and q. To do this, we first eliminated the contribution of noise arising from variance in q (see Experimental
Plotting the variance as a function of p V (Figures 7B and  7D ) reveals that p V ϭ 0.79 in 4 mM Ca e . This result is Procedures). After this noise source had been eliminated, we plotted the variance as a function of release consistent with our finding that the EPSC amplitude in 4 mM Ca e is 77% of the maximum EPSC amplitude probability, as I is linearly related to p V when receptor saturation has been eliminated. (Figure 7B , closed cirextrapolated from a fit of the EPSC amplitude versus Ca e data in Figure 3 . Therefore, p V in 4 mM Ca e is sufficles). We estimated q ϭ 1 pA and N T ϭ 1350 for this cell. For eight such experiments, q was 1.4 Ϯ 0.4 pA ciently large that Equation 2 cannot be approximated by a linear relationship. This establishes that depression and N T was 1370 Ϯ 800 (Ϯ SD, range 700 to 3050). The average value of q determined from variance-mean at the CF synapse reflects vesicle depletion and a decrease in N T and does not reflect a change in p V . relationships is much smaller than that measured in control conditions (Figure 2) , consistent with the presence of 10 mM DGG. Estimates of N T are much larger than Discussion estimates of N obtained in control conditions, in keeping with the predicted effects of receptor saturation on the We used variance-mean analysis to examine release at the CF synapse. We found that AMPAR saturation variance-mean relationship (see Discussion).
As a final test of the mechanism of depression, we greatly influences the variance of CF-EPSC amplitudes and therefore complicates the assessment of the mechalso determined the variance-mean relationship in the same cell by changing stimulus frequency. When Ca e is anism underlying depression under control conditions. However, the variance-mean relationship observed held constant at 4 mM and the frequency of stimulation is increased, the observed variance-mean relationship when receptor saturation is relieved with DGG indicates 
Relationships in DGG
Our experimental studies indicated that replenishment Before using variance-mean analysis to distinguish bewas described by rapid, medium, and slow phases of tween changes in N and p, we considered several possirecovery ( Figure 8D ). The observed time dependence of ble explanations for the variance-mean relationships recovery suggested that for one population of sites, rethat we observed in the presence of DGG. The first covery was so rapid that it was complete between stimconcern was whether the interaction of DGG with postuli in a train. The time constants of the other two phases synaptic AMPA receptors could increase channel noise of recovery were sufficiently different that for a given to such an extent that it could contribute to the variance stimulus frequency, recovery of only one population of the EPSC amplitude that we measure. Arguing against made a significant contribution to the variance. For stimthis possibility was our observation that DGG does not ulus frequencies above 0.2 Hz, recovery of the intermesignificantly alter the CV when the probability of release diate component contributes significantly to replenat the climbing fiber is low (in 0.4 Ca e ) and multivesicular ishment, while for lower stimulus frequencies, recovery release is unlikely. This suggests that the increase in of the slowest component contributes more prominently channel noise due to the interaction of DGG with the to variability (see Supplemental Data). As a result, only channel is small compared to the synaptic variance. A a small fraction of sites contributed significantly to stosecond possibility is that the binomial model does not chastic variability in the number of release-ready sites hold for describing the presynaptic release process for a given stimulus frequency. This greatly reduced the (Redman, 1990). However, when the probability of revariance associated with replenishment and allowed us lease is altered by varying external calcium, we obto use variance-mean analysis to distinguish between served a parabolic variance-mean relationship that is changes in p and N ( Figure 8C , right). consistent with the binomial model (Figure 7) . In addition, the distribution of EPSC amplitudes observed for Effect of AMPAR Saturation on Variancea given experimental condition was well approximated Mean Analysis by a normal distribution ( Figure 6A ), which is also consisRecent studies altered the view of synaptic transmission tent with the binomial model. These findings suggest at the climbing fiber synapse, and this has important that the binomial model likely applies at CF synapses, implications for the application of variance-mean analyas is thought to be the case at many other synapses sis. Based on ultrastructural studies, it is estimated that (Redman, 1990). A final possibility is that in the presence a climbing fiber makes hundreds of synaptic contacts of DGG the quantal size is not constant at different onto a Purkinje cell and that at each of these contacts frequencies. Our examination of quantal sizes during there are on average seven morphologically docked veshigh-frequency synaptic transmission (Figure 2 and p corresponds to p r ϭ 1 Ϫ (1 Ϫ p v ) N v . Thus, in the extreme where saturation by a single vesicle is complete, it is possible to determine the probability that at least one vesicle is released from each release site, and it is possible to determine the number of release sites. However, in control conditions it is likely that a single vesicle does not completely saturate postsynaptic receptors. As a result, the variance-mean relationship is more difficult to interpret. For partial saturation, N T Ͼ N Ͼ N R , and the greater the extent of saturation the closer N, as determined by variance-mean analysis, is to N R .
Depletion of Readily Releasable Vesicles Accounts for Depression
Variance-mean analysis was used to determine the mechanism responsible for depression at the climbing fiber synapse. The observation that the quantal size is unaltered by high-frequency stimulation (Figure 2) constrained the mechanism to be a change in either p or N. The variance-mean relationship can be used to distinguish between N and p: it is predicted to be parabolic when p is varied and more linear when N is varied ( Figure  1A ; see Supplemental Data at http://www.neuron.org/ cgi/content/full/43/1/119/DC1).
We investigated the mechanisms underlying depression by comparing the variance-mean relationship obtained by altering p (changing Ca e ) with that obtained by changing the amount of depression (altering the frequency of stimulation). Under control conditions, we 
